Assam tea or Miang is a local name of Camellia sinensis var. assamica in northern Thailand. By the local wisdom, Assam tea leaves are used as the raw material in tea fermentation to produce "Fermented Miang" consumed by people in northern Thailand and the countries nearby. In this study, twenty-eight bacterial isolates were obtained from Assam tea leaf samples collected from Nan province, Thailand. Bacterial isolates were identified within 6 genera including Bacillus, Floricoccus, Kocuria, Lysinibacillus, Micrococcus and Staphylococcus. Among these, the strain ML061-4 shared 100.0 and 99.4% similarity of 16S rRNA and rpoB gene sequence with F. penangensis JCM 31735 t , respectively. This is the first discovery of F. penangensis in thailand. F. penangensis ML061-4 exhibited probiotic characteristics including lactic acid production (9.19 ± 0.10 mg/ml), antibacterial activities (Escherichia coli ATCC 25922 and E. coli O157:H7 DMST 12743), acid and bile salt tolerance (71.1 and 54.9%, respectively), autoaggregation (97.0%), coaggregation (66.0% with E. coli O157:H7), cell surface hydrophobicity (90.0%), bacterial adhesion (82.9% with Lactobacillus plantarum FM03-1), competitive inhibition (17.8% with E. coli O157:H7) and competitive exclusion (34.9% with E. coli O157:H7). Overall, the data suggested that F. penangensis ML061-4 had a great potential to be a probiotic.
Results
Sampling sites, Assam tea leaf collection and bacterial isolation. In this study, fresh Assam tea leaves were collected between 12 March 2016 and 24 March 2018 from three sampling sites in Pua (Code ML05 and ML06) and Phu Phiang (Code ML09) districts, Nan province, Thailand at an altitude ranging from 243 to 1,278 m above sea level. Meanwhile, fresh Assam tea leaves in Sakat sub district, Pua district (Code ML06) were collected twice on 12 March 2016 and 24 March 2018 ( Table 1) .
Twenty-eight bacterial isolates with distinct colony morphology were isolated from fourteen fresh Assam tea leaves. The number of bacterial isolates collected from Pua, Sakat and Nam Kian sub districts were 5, 17 and 6 isolates, respectively. The Assam tea leaves collected from Sakat sub-district with the GPS coordinates of 19°15′53.62″N, 101°0′30.22″E (Code ML061) showed a maximum of four morphologically different bacterial colonies and had the highest number of bacterial isolates (Table 1 ).
Bacterial identification.
A total of 28 bacterial isolates obtained from 14 Assam tea plants, 10 Supplementary Fig. S2 ).
Twenty-seven bacterial isolates showed high similarity of the 16S rRNA gene sequence between 99. 6 and 100.0% that demonstrated the nucleotide substitution and frameshift mutation within the 16S rRNA gene sequence less than 6 and 3 positions, respectively. On the other hand, one bacterial isolate (Code ML063-2) had 97.9% similarity of 16S rRNA gene sequence when compared with the type strain Lysinibacillus contaminans DSM 25560 T with nucleotide substitution of 29 positions (Table 2) . 
Strain characterization of Floricoccus penangensis ML061-4. Floricoccus penangensis ML061-4 was
a Gram positive coccus, non-motile, non-spore forming, and negative for catalase, oxidase, indole and lysine decarboxylase tests. Their cell arrangement was found mostly in chains or occur as single cell and pairs. Some branching was occasionally observed. The SEM micrographs demonstrated that cell division occurred in one or two planes from a second division, producing diplococci and streptococci arrangement ( Fig. 1 ). The strain ML061-4 produced acid from glucose (without gas), lactose, sucrose, mannitol, maltose and starch. It fermented raffinose to produce weak acid but could not ferment sorbitol. The starch was hydrolyzed but not for esculin.
Positive results were obtained in Voges-Proskauer and methyl red tests. The growth temperatures were ranging between 10-40 °C. It could not grow in NaCl with concentration above 3% (w/v). The growth pH was between pH 5-8. Besides, the strain ML061-4 was able to grow in tryptic soy medium but not in MRS and BHI media. The 16S rRNA (1,372 bp, GenBank accession no. MH050697) and rpoB (469 bp, GenBank accession no. MH183163) genes partial nucleotide sequences of strain ML061-4 were performed. Phylogenetic analysis based on the 16S rRNA indicated that the strain ML061-4 clustered with F. penangensis, supported by a bootstrap value of 93%. It had 100.0% sequence similarity (99% of query cover) with F. penangensis JCM 31735 T and 99.8% similarity (100% of query cover) with F. tropicus JCM 31733 T . The rpoB gene sequence of strain ML061-4 had 99.6% sequence similarity with F. tropicus JCM 31733 T , supported by a bootstrap value of 85%, and 99.4% similarity with F. penangensis JCM 31735 T . The partial rpoB gene sequence of F. penangensis ML061-4 shared 49.5, 74.4 and 76.7% identity with Streptococcus mitis CIP 103335 T , Lactococcus plantarum DSM 20686 T and Lactococcus chungangensis DSM 22330 T rpoB sequence, respectively. The phylogenetic tree of relationships based on the sequences of rpoB gene were analyzed using the 18 aligned sequences, the topology of the phylogenetic tree was supported by bootstrap values 1,000 replications which the main branch explicitly led to three branches of Floricoccus and Lactococcus, and Streptococcus genera (Fig. 2) . The results indicated that rpoB gene could clearly distinguish between floricoccal, lactococcal and streptococcal groups. The finding showed that the rpoB gene fragment, 469 bp (positions 33 to 502 of F. penangensis JCM 31735 T rpoB gene sequence), contained hypervariable region and appropriated to use for group separation. Table 2 . Bacterial species obtained from fresh Assam tea leaves, each bacterial isolate was compared with the type strain, the similarity (%), differences of the 16S rRNA gene sequence, and GenBank accession number. For the susceptibility evaluation, F. penangensis ML061-4 was susceptible to the testing antibiotics with the inhibitory clear zone ranging between 10.3 and 28.5 mm while L. acidophilus TISTR 2365 was susceptible to amoxyclav, ampicillin, ampicillin/sulbactum, cefixime, ceftriaxone, cefuroxime, cefuroxime axetil, cefotaxime, cefoxitin, gentamicin, meropenem, tetracycline and ticarcillin/clavulanic acid with the inhibitory clear zone of 9.9-49.0 mm but not for amikacin, co-trimoxazole and ofloxacin.
Acid-base tolerance. Survival rate of F. penangensis ML061-4 was higher than 70% after 4 hr of incubation in acidic pH, 1.0, 2.0 and 3.0. At pH 1.0, the survival rate was decreased gradually to 90.4, 79.4, 74.6 and 71.1% at 1, 2, 3 and 4 hr of incubation, respectively ( Fig. 3a) . Meanwhile, the survival rate of F. penangensis ML061-4 grown in TSB containing 0.1, 0.2 and 0.3% (w/v) of bile salt was higher than 50% subsequent to 24 hr of incubation. Once F. penangensis ML061-4 exposed to the mentioned media, the survival rate was decreased and maintained at between 54.9 and 66.9% after 24 hr ( Fig. 3b ).
Autoaggregation, coaggregation and cell surface hydrophobicity. F. penangensis ML061-4 and L. acidophilus TISTR 2365 had percentage of autoaggregation as 70.8 and 15.0% after 2 hr of incubation, respectively, significant (P < 0.05). Meanwhile, at 24 hr of incubation showed 97.0% and 93.2%, respectively, non-significant (p > 0.05) ( Fig. 3c) . Moreover, the ML061-4 demonstrated coaggregation ability with E. coli ATCC 25922 (64.6%) and E. coli O157:H7 DMST 12743 (66.0%) at 48 hr of incubation (P > 0.05) ( Fig. 3d ). Cell surface hydrophobicity of L. acidophilus TISTR 2365 was significantly (P < 0.05) lower than that of F. penangensis ML061-4, 27.5 and 90.0%, respectively. 
Bacterial adhesion, competition and competitive exclusion. Adhesion ability of

Discussion
Generally, Assam tea or Miang are found in highland forests, hillsides and high resourceful water areas 16 at altitude of 450-1,500 m above sea level 8 . Interestingly, in this study Assam tea trees can grow at the elevation of 243 m above sea level (Phu Phiang district) which is lower than the previous report and also found cultivated within the community in the areas around villages indicating the close relationship between local people and Assam tea. Beyond the altitude above sea level that affects growth of tea, the climate, alkaline and acidic balance, soil nutrient as well as soil ecology also play a vital role in tea plant growth 17 . The sampling sites were both in the villages and on the mountains (over 1,000 m above sea level) where located far away from the community. Consequently, the existence of microorganisms on Assam tea leaves will bring about the role of microbes on Assam tea leaves in the tea fermentation process, first report in Thailand, especially lactic acid bacteria and their probiotic properties.
All bacterial isolates were member of Actinobacteria and Firmicutes phyla and were classified within 6 genera including Bacillus, Floricoccus, Kocuria, Lysinibacillus, Micrococcus and Staphylococcus. These bacteria have been widely found in nature which can be contaminated onto surface of leaves and stems [18] [19] [20] . B. altitudinis. B. subtilis, K. halotolerans and M. aloeverae were reported as endophytic bacteria involving in plant growth promotion and protection [21] [22] [23] [24] . B. clausii, B. megaterium, B. siamensis and B . subtilis have been reported as probiotic. Bacillus spp. can form endospore and produce a bacteriocin-like substance, which help resisting stomach acidic condition and inhibiting pathogens [25] [26] [27] . B. aryabhattai produces vanillin from ferulic acid 28 , hence, it may involve in aroma and flavor occurred in fermented Miang. However, S. haemolyticus, S. cohnii and S. hominis are normal flora commonly live on human and animal skins [29] [30] [31] . Their existence on Assam tea leaves may be due to human activities as Assam tea growing area is located in the community.
LAB were known to involve in Assam tea or Miang fermentation 7 . Recently, Chaikaew et al. 32 reported the diversity of LAB in fermented Miang. The prevalent species found were L. plantarum, L. pentosus, L. panthesis and L. fermentum. Furthermore, Leuconostoc, Enterococcus, Pediococcus, Weisella and Lactococcus were found as minor populations in fermented Miang. Interestingly, Floricoccus that has a close relationship with Lactococcus and Streptococcus was never reported. In this study, Floricoccus was found on fresh Assam tea leaves possibly due to some nutrients occurring on Assam tea leaves 33 which enhances its survival. The existence of Floricoccus on an Assam tea leaf was not always as it was not found on all samples collected. The finding of LAB on Assam tea leaves could explain their key role in the tea fermentation process. Some reports proposed that the significant differences www.nature.com/scientificreports www.nature.com/scientificreports/ of bacterial communities in the environment may be related to soil compositions such as nutrients, acid and base conditions at the moment 34 . Hence, how Floricoccus exists on Assam tea leaves is to be further elucidated.
Reasonably, Floricoccus is not found in fermented Miang may be due to its lower ability to produce lactic acid than lactobacilli 35 which is dominated in fermented Miang. Besides, this study also found that Floricoccus penangensis could not grow in MRS medium. These may be the reasons for the absence of Floricoccus species in fermented Miang. Some reports described that the non-growing LAB may associate with the high concentrations of polyunsaturated fatty acids in media which might inhibit growth 36 .
The rpoB gene has been usually used for identification when the 16S rRNA gene is unclear 5 . Identification of Afipia, Bosea and Bradyrhizobium spp. using rpoB gene showed the percentage cut-off between different genus ranging between 82 and 83% 37 . Thus far, there is no report about microorganisms on leaves of Assam tea. This is the first discovery report of F. penangensis in Thailand using the primer pair which is rpoB gene specific to identify bacteria in the genus Floricoccus that clearly separated from genera Lactococcus and Streptococcus.
The antibacterial activity of F. penangensis ML061-4 may lie within the amount of acid produced. Undissociated lactic acid could go through cell membrane and discharge hydrogen ion inside the cell leading to disturbance of important cell functions 38, 39 . Furthermore, some species of LAB can produce bacteriocin or bacteriocin-like inhibitory substance (BLIS) that play a role in formation of bacterial cell membrane pore, inhibition of ATP synthesis and ultimately death of cells 40 . Notwithstanding, the inhibitory substance of F. penangensis ML061-4 will be further evaluated.
Antibiotic susceptibility is proposed as a vital criterion for potential probiotics to ensure that the antibiotic resistance gene will not be transferred to recipient bacteria in the gut which leads to the development of antibiotic-resistant bacteria 27 . Moreover, antibiotic resistance gene transfer also may be related to the change of microbial community in the environment including Assam tea growing area. In this study, F. penangensis Table 4 . Competition between probiotic and pathogenic bacteria and competitive exclusion of pathogenic bacteria by probiotics to Vero cell. Data were expressed as mean ± standard deviation (n = 4). The difference alphabet was significantly different (p < 0.05) according to the Duncan's multiple range test.
ML061-4 was inhibited by all test antibiotics indicating its safety as a potential probiotics while L. acidophilus TISTR 2365 was sensitive to 13 of 16 antibiotics tested. The acid tolerance of F. penangensis ML061-4 may be based on the histidine decarboxylation pathway, which generates proton motive force resulting in ATP synthesis 41, 42 . Furthermore, the acid tolerance in LAB also related to glutamate decarboxylase system and arginine deiminase pathway 43 . Additionally, some reports suggested that bile resistance is associated with enzyme activity of bile salt hydrolase (BSH), which leads to the toxicity reduction 42 . However, the immediately reduction of F. penangensis ML061-4 in base condition at the beginning can be explained as a result of antibacterial activity of bile salt and its bacterial membrane ability 44 .
The autoaggregation and hydrophobicity assays are used for determination of adhesion ability of probiotics to intestinal mucosa, which is necessary for host gut bacterial colonization, and bacterial coaggregation can prevent pathogenic bacterial infection and colonization [45] [46] [47] . In this study, F. penangensis ML061-4 exhibited a higher autoaggregation and hydrophobicity than L. acidophilus TISTR 2365.
Bacterial adhesion onto epithelial cells is a considerable property of probiotic to reduce enteropathogenic adhesion and infection 48 . Bacterial cell wall components such as proteins, carbohydrates and fatty acids were responsible for the adherence to the intestinal mucosa 49 . High potential probiotics should demonstrate bacterial competition and competitive exclusion to disturb and interrupt pathogenic infection, colonization and biofilm formation as well as produce polymeric substances such as exopolysaccharides to help probiotic colonization within intestine 50, 51 . In this study, F. penangensis ML061-4 represented the ability of adhesion, competition and displacement similar to L. acidophilus TISTR 2365 and L. plantarum FM03-1 that are considered the great probiotics. These characteristics are harbored by F. penangensis ML061-4 which has high potential to be a good probiotic.
Methods
Assam tea leaf collection. Fresh Assam tea leaves were obtained from Pua and Phu Phiang district, Nan province of Thailand. The source of Assam tea is presented in Table 1 and Supplementary Fig. S1 . Each fresh Assam tea leaf surface was swabbed by a sterile cotton swab which was subsequently kept in 10 ml 0.85% (w/v) of NaCl prior to bacterial isolation within 24 hr.
Bacterial isolation. Each sampling swab was serially diluted with 0.85% (w/v) of NaCl and spread on tryptic soy agar (TSA) (Merck ™ , Germany) prior to incubation at 37 °C for 24-48 hr. All pure bacterial isolates were stored at −20 °C in tryptic soy broth (TSB) (Merck ™ ) containing 20% (v/v) of glycerol.
Genomic DNA extraction and gene amplification. The chromosomal DNA of each strain was extracted by modification of the protocol described by Pitcher et al. 52 . The 16S rRNA gene was amplified using universal bacterial primers, 27F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1492R (5′-TAC GGY TAC CTT GTT ACG ACT T-3′) 53 . The primers used for amplification of the housekeeping gene rpoB were RpoBLac1F (5′-TAC GGK AAA CAC CGT A-3′) and RpoBLac1R (5′-TCA ARC CAW GCT CCA CGG-3′), which were previously designed and reported by Meucci et al. 54 . The amplification cycles were initially denatured at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing at 56 °C (16S rRNA) or 47.5 °C (rpoB) for 30 sec, extension at 72 °C for 1 min, final extension at 72 °C for 5 min, and kept at 4 °C. The PCR products were electrophoresed on 0.8% (w/v) agarose gel containing 1X nucleic acid staining solution (RedSafe ® , iNtRON Biotechnology, Inc., Korea) for 50 min at 95 V 300 mA in 1X Tris-acetate-EDTA (TAE) buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) using electrophoretic gel system (EC320, Minicell Primo, USA) at room temperature. The 1 kb DNA Ladder (RBC Bioscience, Taiwan) was used as a marker. The gels were visualized under ultraviolet light by gel documentation system (SynGene, USA), and gel images were captured using monochrome CCD camera (TM-300, PULNiX, Japan). The amplicons were purified and sequenced by a DNA sequencing services (First BASE Laboratories Sdn Bhd., Malaysia). The 16S rRNA and rpoB gene sequence were performed by comparing with GenBank and EzBioCloud databases. The sequence data was aligned, and phylogenetic tree was analyzed by a neighbor-joining method 55 with a MEGA 7 program 56 .
Bacterial morphological, biochemical and physiological characterization. The strain ML061-4 was investigated its morphological characteristics. Scanning electron microscopy was performed as described by Arroyo et al. 57 with slight modifications using the scanning electron microscope (SEM) (EFI Quanta 200 3D, USA). For biochemical characterization, various tests were conducted including carbohydrate fermentation (glucose, lactose, sucrose, mannitol, maltose, raffinose, sorbitol and starch), esculin and starch hydrolysis, indole, lysine decarboxylase, catalase and oxidase production, and Voges-Proskauer and methyl red tests. Various growth conditions were determined including growth in the presence of 3, 4 and 6% (w/v) NaCl, growth at various temperatures and pHs. The media used were de Man, Rogosa and Sharpe (MRS) and brain heart infusion (BHI) (Merck ™ ).
Lactic acid analysis. The F. penangensis ML061-4 was cultivated in TSB and incubated at 37 °C for 24 hr.
The culture broth was centrifuged at 6,000 rpm 4 °C for 5 min and filtered by nylon membrane filter, 0.22 µm. The filtrate was kept at −20 °C before evaluation of lactic acid content. Lactic acid was determined using a high-performance liquid chromatography (HPLC) system (1200 series, Agilent Technologies, Inc., USA), Evaluation of probiotic properties of the strain ML061-4. Antibacterial activity. Agar well diffusion method was carried out according to the method of Bonev et al. 58 . The culture broth was tested against Antibiotic susceptibility test. The antibiotic susceptibility test of the strain ML061-4 was examined using antibiotic discs (Himedia ® , India) including amikacin (30 µg), amoxyclav (30 µg), ampicillin (10 µg), ampicillin/ sulbactum (10 µg/10 µg), cefixime (5 µg), ceftriaxone (30 µg), cefuroxime (30 µg), cefuroxime axetil (30 µg), cefotaxime (30 µg), cefoxitin (30 µg), co-trimoxazole (25 µg), gentamicin (10 µg), meropenem (10 µg), ofloxacin (5 µg), tetracycline (30 µg) and ticarcillin/clavulanic acid (75/10 µg) according to the method described by Clinical Laboratory Standards Institute (CLSI) 59 . L. acidophilus TISTR 2365 was used as a control.
Acid-base tolerance. The F. penangensis ML061-4 was cultured in TSB overnight. The bacterial cell suspension density was adjusted in 1X PBS (approximately 1 × 10 8 CFU/ml) prior to evaluation of acid and base tolerant. The acid tolerance was performed in media pH 1.0, 2.0 and 3.0 while the alkaline resistance was done in media containing 0.1, 0.2 and 0.3% (w/v) of bile salt (Himedia ® ) 60 . Survival rate was evaluated by a viable plate count method on TSA following formula:
Survival rate (%) (log CFU/ml of cells survived log CFU/ml of initial cells inoculated) 100
Cellular autoaggregation and coaggregation. Autoaggregation was investigated by modification of the protocol described by Valeriano et al. 61 . Briefly, the F. penangensis ML061-4 was cultured overnight and harvested by centrifugation at 6,000 rpm 4 °C for 5 min. The cell pellets were resuspended in 1X PBS and adjusted equivalent to 0.1 at OD 600 (OD i ) and undisturbed at room temperature for 48 hr. The upper suspension fluid was measured the OD 600 (OD t ) at 1, 2, 4, 6, 12, 24, 36 and 48 hr. L. acidophilus TISTR 2365, a well-known probiotic strain, was used as a control. The autoaggregation percentage was calculated according to the equation:
The coaggregation against E. coli ATCC 25922 and E. coli O157:H7 DMST 12743 was carried out 62 . Cell suspensions of F. penangensis ML061-4 and test pathogenic bacteria were prepared to 1 × 10 9 CFU/ml each. After that, the strain ML064-1 was mixed with each test pathogenic bacteria (1 × Cell surface hydrophobicity. Cellular hydrophobicity was determined by measuring the bacterial cell adhesion to hydrocarbon according to the protocol described by Meidong et al. 27 . In brief, the bacterial cell culture of F. penangensis ML061-4 was incubated overnight, harvested by centrifugation and washed twice by 1X PBS. The cell pellet was resuspended in 1X PBS and adjusted equivalent to 0.1 at OD 600 (A intial ). The F. penangensis ML061-4 suspension was mixed with xylene. The mixture was undisturbed for separation of organic and aqueous phases at room temperature for 30 min. Afterwards, the final absorbance of aqueous phase (A final ) was measured. L. acidophilus TISTR 2365 was used as a control. The percentage of surface hydrophobicity was calculated according to the equation:
Surface hydrophobicity (%) [(A A )/A ] 100
intial final i ntial Bacterial adhesion, competition and exclusion. The bacterial adherence assay was performed following the method described by Llanco et al. 63 with modifications. Briefly, the African green monkey kidney cell line (Vero cell) was grown in Dulbecco's modified eagle medium (DMEM) (Gibco ® , Life Technologies TM , UK) supplemented with penicillin/streptomycin and fetal bovine serum (FBS) (Sigma-Aldrich ™ ) and incubated at 37 °C in a CO 2 incubator. The Vero cells were cultivated in 6-well plate and adjusted equivalent approximately 1 × 10 5 cell/ml in DMEM with FBS, incubated at 37 °C in a CO 2 incubator for 18-24 hr and washed three times with 1X PBS afterwards. Subsequently, the suspended ML061-4 cells (1 × 10 8 CFU/ml) and DMEM were added into each well prior to incubation for 1 hr and washed three times with 1X PBS. The Vero cells were methanol fixed for 3-5 min and stained with Giemsa stain for 10-15 min. L. acidophilus TISTR 2365 and L. plantarum FM03-1 (GenBank accession no. MF599378), known adhesive strains, were used as controls. Morphological alterations were observed under light microscope and percentage of adhesion to cell line was calculated. Bacterial competition and competitive exclusion of E. coli ATCC 25922 and E. coli O157:H7 DMST 12743 by strain ML061-4 was investigated by the method described by Boudeau et al. 64 with modification. In competition experiments, the strain ML064-1 and E. coli strain were added together to the cell monolayer (1 × 10 8 CFU/ ml final concentration of each) and incubated for 1 hr. For competitive exclusion, the Vero cell monolayer was first incubated with E. coli for 1 hr, washed the non-adherent bacteria three times with 1X PBS, added the strain ML064-1 and incubated for 3 hr.
